Zinc dithiophosphates (ZnDTPs) are ubiquitous lubricating oil additives in today's passenger car motor oils, providing the important functions of wear and oxidation inhibition. However, the molecular-level mechanism by which these materials reduce wear is not understood. As a first step in developing an understanding of this mechanism, we used ab initio quantum chemical methods to examine the structures, vibrations, and energetics of these systems. The results show that the two phosphorus-sulfur bonds of the dithiophosphate of ZnDTPs are equiValent and have character intermediate between single and double bonds. This contrasts with the paradigm of one double bond (PdS) and one single bond (P-S) often used. Vibrational studies of DTP systems lead to a strong IR transition at about 650 cm -1 and a weak transition at about 530 cm -1 . We find modes in good agreement with experiment, where the high-frequency mode is antisymmetric PS stretch (not PdS), while the lower mode is symmetric PS stretch (not P-S). On the basis of the ab initio calculation results, we used the biased Hessian method to develop a vibrationally accurate force field (FF) for ZnDTPs. This FF can be used to examine the binding of DTPs to metal and metal oxide surfaces.
I. Introduction
Valve train wear of internal combustion engines is greatly reduced by adding zinc dithiophosphate (ZnDTP) wear inhibitors, to lubricating oil. [1] [2] [3] In particular the ZnDTPs derived from secondary alcohols (termed secondary alkyl) provide excellent valve train wear control in comparison to ZnDTPs derived from primary alcohols or phenols. 1 Although ZnDTPs have proved quite effective as wear inhibitors and have been in use for nearly 50 years, there is little molecular-level understanding of how they work. 4 Understanding the mechanism of action of ZnDTPs could reveal insights to developing more effective ones. This is important for three reasons.
(i) The proposed GF-2 specifications set a new, upper limit to phosphorus concentrations in passenger car motor oil that challenge current wear performance. 5 Specifically, the International Lubricant Standardization and Approval Committee (ILSAC) GF-2 requirements for passenger car motor oils will lower phosphorus limits from the maximum of 0.12% allowed by ILSAC GF-1 to a maximum of 0.10%. This requirement removes ≈17% of the ZnDTP from the formulation. Thus, more effective ZnDTPs or other additives are needed to make up for the loss of wear protection. 6 (ii) Secondly, phosphorus (derived from the ZnDTP) has a deleterious effect on emissions control catalytic converters. 7 This puts additional downward pressure on the overall concentration of ZnDTP in the oil.
(iii) Finally, there are environmental concerns associated with the usage of ZnDTPs. 8 It is often assumed 9 ,10 that one phosphorus-sulfur bond of the dithiophosphate of ZnDTPs has double-bond character (PdS), while the other has single-bond character (P-S) and is bonded to the Zn. Vibrational studies of DTP systems lead to a strong IR transition at about 650 cm -1 that is assigned as PdS and a weaker transition at about 530 cm -1 that is assigned as P-S. 10 However other studies have assumed equivalent bonds (based on NMR evidence). 11 In this work we use ab initio quantum chemical (QC) methods to determine structural, vibrational, and energetic characteristics of ZnDTP molecules. On the basis of these ab initio results, we developed an accurate force field (FF) for use in studying the binding of DTPs to metal and metal oxide surfaces.
Section II describes details for the QC and FF calculations. Section III reports the structures, vibrations, and energetics for various species, concluding with the properties of Zn(DTP) 2 monomer and Zn 2 (DTP) 4 dimer. The results are summarized in section IV.
II. Calculational Details

II.A. Quantum Chemistry.
Unless stated otherwise, all calculations were carried out with the PS-GVB program 12, 13 at the Hartree-Fock (HF) level using the LAV3P*** basis set. The LAV3P basis set 13 uses the Hay and Wadt effective core potentials (ECP) 14 for the atoms Na-La and Hf-Bi and an allelectron 6-31G basis description for atoms H-Ne. 15 This basis set differs from the standard double-contraction (LANL1DZ) of the Hay and Wadt basis set 14 in that the three s basis functions are left uncontracted (the remainder of the basis uses the standard double-contraction). The notation *** indicates that d polarization functions (exponent ) 0.1202) are added for Zn, d polarization functions (exponents of 0.80, 0.80, 0.3934, 0.487) are added for (C, O, P, S, respectively), and p polarization functions (exponent ) 1.10) are added for H. The notation **** indicates that additional f polarization functions (exponent ) 1.81) are included on the zinc atom.
As discussed in section III some calculations were carried out using other descriptions.
The all-electron MSV basis set of Rappé and Goddard 13,16 is a 4-21G basis optimized for all atoms through Xe. Here *** indicates the use of polarization functions.
We also considered LANL1DZ, the standard doublecontraction of the ECP basis from Hay and Wadt (the default in Gaussian 92 17 ) with the all-electron 6-31G description for H-Ne. This does not include polarization functions.
We also considered the DOLG*** basis set 18 (a triplecontraction of an optimized (8s7p6d)/[6s5p3d] basis) with the ab initio ECP (pseudopotential) replacing only the 1s, 2s, and 2p core electrons but not 3s and 3p.
In addition, for some systems we included electron correlation effects. Thus we used (1) local Moller-Plesset second-order perturbation theory (MP2) 13 with He/Ne frozen core, (2) generalized valence bond (GVB) theory 13 with Zn-S as GVB pairs, and (3) density functional theory (DFT) 13 with the Becke gradient correction and the Lee-Yang-Parr correlation functional.
Molecular charges are based on the electrostatic field 13, 19 from ab initio HF calculations. In this procedure, the electrostatic field at a grid of points is calculated from the HF wave function. Using the grid points outside of the van der Waals (vdw) radii, atom-centered charges are derived so as to match the HF potential while reproducing the dipole moment from HF. 12 II.B. Force Fields and Charges. The universal force field (UFF) 20b was modified to fit the ab initio calculations using biased Hessian techniques. 21 Here we write the total potential energy of a molecule as a superposition of short-range valence (E val ) and long-range nonbonded (E nb ) interactions, where the valence interactions consist of bond stretch (E bond ), bond-angle bend (E angle ), dihedral angle torsion (E torsion ), and inversion (E inversion ) terms, while the nonbonded interactions consist of vdw (E vdw ) and electrostatic (E Q ) terms
In this work E bond , E angle , E torsion , E vdw , and E Q are described by harmonic, cosine harmonic (cosine-stretch for the S-P-S term), torsion Fourier, exponential-6, and Coulomb functions, respectively: 20 (where 1/ 0 ) 332.0637 if E is in kcal/mol, R is in angstroms, and charges are in electron units).
Using the biased Hessian method, 21, 22 the equilibrium bond lengths (R 0 ) and angles (θ 0 ) were determined to fit the QC geometries, and the force constants (K b , K θ , and K RR ) were determined to fit the QC vibrational frequencies. The torsional barriers (V m ) were adjusted to reproduce the conformational energy differences from HF calculations. Nonbond interactions (vdw and Q) are not used between nearest neighbors (1-2 interactions) and next nearest neighbors (1-3 interactions). The dielectric constant is taken as 0 ) 1, and nonbond cutoffs were eschewed.
The purpose in developing the FF is to predict accurate structural, vibrational, and energetic properties of large molecules. Thus, it is essential to have a general approach that can provide charges for the systems. We used the charge equilibration (QEq) method 23 but readjusted the QEq electronegativities to reproduce the charges from quantum calculations on the model systems. This is denoted as QEq*. We required that Q Zn ) +2 and Q DTP ) -1. This allows dissociative processes of the Zn cluster and binding to an Fe 2 O 3 surface to be described with the same charges.
The Zn-S interaction was treated as nonbonding so that dissociation of DTP from the Zn could be described. Charges were determined with QEq*, as discussed above. The Zn-S interaction was taken to be a Morse function, where We used a Morse function [rather than (7) ] because it mimics the bonding from a partially covalent bond. The equilibrium position (R v ) was determined to fit the ab initio interatomic distance from QC calculations of Zn(DTP) 2 . The dissociation energy (D v ) was determined to fit the snap binding energy. 24 The was chosen to reproduce the vibrational frequency.
The nonbonded S-S interaction was taken to be pure repulsive exponential, where R v and D v were adjusted to reproduce the ab initio structures of the Zn 2 (DTP) 4 dimer.
This FF is denoted as MSX (materials simulation with limited cross terms).
II.C. Vibrations. Vibrational frequencies were obtained by diagonalizing the full second-derivative matrix (Hessian) evaluated at the optimum HF structure using HF/LAV3P***. The infrared intensities were also computed from coupled perturbed Hartree-Fock (CPHF) calculations of the derivative of the dipole moment with respect to changes in the nuclear coordinates.
III. Results and Discussion
Because it is the smallest alkyl dithiophosphate, we used dimethyl DTP as the model compound for studying structures and extracting scaling parameters from experiment and HF theory.
) exp To determine the most important conformations, we first used the UFF 20b to calculate the optimum structural parameters as a function of torsional angles, φ 1 and φ 2 , about the two P-O bonds. The contour plots of this potential surface are shown in Figure 1 , which has three types of minima corresponding to (see Figure 2 ) (i) one tt conformer (φ 1 ) φ 2 ) 180°), the minimum energy; (ii) four tg-like conformers (φ 1 ) 180°and φ 2 ) 66°) at 1.3 kcal/mol; and (iii) two g + g + -like conformers (φ 1 ) 66°and φ 2 ) 66°) at 2.7 kcal/mol. A minimum might have been anticipated for g + g -; however, bad steric interactions prevent a local minimum.
We carried out QC calculations to optimize the three conformers (tt, tg + , and g + g + ) at the HF/LAV3P*** level. The HF geometries are shown in Figure 2 , with key quantities tabulated in Table 1S (supporting information). From HF, the most stable conformation of the isolated dimethyl DTP anion is tt, followed by tg at 0.17 kcal/mol and g + g + at 0.62 kcal/ mol. We find that the two P-S bonds of DTP -are equivalent, which is consistent with experiment. [25] [26] [27] [28] The P-S bond lengths vary from 1.993 to 1.983 Å for these conformers, as shown in Figure 2 .
III.A.b. Vibrations. For the three stable conformations, we calculated the vibrational frequencies. The calculated vibrational frequencies and infrared intensities of the two modes involving phosphorus-sulfur stretch character are shown in Figure 3 and tabulated in Table 1 . The intense high-frequency mode (∼716 cm -1 ) is antisymmetric stretch (PS anti ), while the weak lower mode (∼532 cm -1 ) is symmetric stretch (PS sym ). Table 1 shows that the frequencies of these two modes depend strongly on conformation, differing by nearly 40 cm -1 between the tt and g + g + conformers. It also shows that intensities are very sensitive to conformation. The intensity ratios I(PS anti )/I(PS sym ) are predicted to be between 54 and 145 for these conformers.
III.A.c. MSX Force Field.
The charges are obtained from the QEq method, 23 the parameters (electronegativities) of which were adjusted to reproduce the QC charges. The comparison in Table 2 shows that these QEq* charges fit the QC quite well.
The FF parameters were optimized as follows. The equilibrium bond lengths and angles in the FF were first fit to the QC geometries. The force constants were then fit to the QC vibrational frequencies by the biased Hessian method. 21 Finally, the torsional barriers were adjusted to reproduce the energy differences between different conformers from the QC calculations. The parameters for this MSX FF are given in Tables 3  and 4 . Tables 1S and 1 show that the geometries and vibrational frequencies from this FF are in excellent agreement with QC results. 2 PS 2 ] was used to determine the preferred coordination of Zn with DTP. We considered three possible Zn coordinations: (i) two sulfur atoms (labeled SS); (ii) two oxygen atoms (OO); or (iii) one sulfur and one oxygen atom (SO). QC calculations (both all-electron and ECP) were carried out on the tt conformation for each case. The best calculations (*** with polarization functions added to all atoms) lead to the following (Table 2S, SS (0.0), OS (9.7), and OO (27.5) from LAV3P*** (ECP), where the numbers are relative energies in kcal/mol. Thus the SS coordination is lowest in energy, in accord with experimental observations. [25] [26] [27] [28] The results in Table 2S show that the polarization functions are important in predicting the relative energies, and we focus on only such calculations in the remaining text.
III.B. Zn(SH)DTP. III.B.a. Binding to the Zn. The model compound Zn(SH)[(CH 3 O)
III.B.b. Conformation of the Alkoxy Groups.
We used HF/ LAV3P*** to calculate the geometries [ Figure 1S and Table  2S (supporting information)] of the three SS conformers of Zn-(SH)[(MeO) 2 PS 2 ]. As with the DTP anion, the tt and tg + conformers have essentially the same energies, but now tt is higher than tg + by 0.13 kcal/mol while g + g + is at 1.19 kcal/ mol. Bonding DTP to the Zn decreases the S-P-S angles of DTP anion by 10°, increases the S-P bonds by 0.035 Å, and decreases the P-O bonds by 0.047 Å. The two P-S bonds for Zn(SH)[(MeO) 2 PS 2 ] are equivalent. They vary from 2.033 a Since an ECP is used, both PS-GVB and Gaussian 92 use numerical differences of the analytic gradient of the energy with respect to coordinates to calculate the Hessian for the vibrational frequencies. We used PS-GVB for all results quoted since it led to higher accuracy. For PS-GVB we find that using geometry changes of δ ) 0.05 Å gives accurate vibrational frequencies (all positive), while δ ) 0.01 and δ ) 0.1 both lead to some negative vibrational frequencies (-165 and -124 for δ ) 0.01 and -19 and -15 for δ ) 0.1). Gaussian 92 led to 16 negative vibrational frequencies at the optimum geometry. b HF/LAV3P***. 2 monomer, we find that the optimum structure has the zinc atom coordinated with the four S of the two DTP anions in a distorted tetrahedral geometry (D 2d symmetry). Since the tt and tg + conformers of the DTP anions have essentially the same energies, we expect three low-energy conformers of the monomer. Indeed as shown in Table 5 , the QC energies are within 0.14 kcal/mol (from HF/LAV3P*** calculations). The ab initio structure of Zn(DTP)-tt is shown in Figure 4 , with key quantities tabulated in Table 5 .
Most interesting here is that the four phosphorus-sulfur bonds are equiValent for all cases. Three conformers given in Table 5 lead to bond differences within 0.007 Å. This contrasts with the discussions in the literature 9,10 that assume that each DTP leads to one bond with double-bond character, PdS, and another with single-bond character, P-S. The calculated phosphorus-sulfur bond lengths are 2.028 Å, compared with the hypothetical lengths of a single (2.14 Å) and a double (1.94 Å) phosphorus-sulfur bond. 29 This indicates that the phosphorus-sulfur bonds of DTP have bond order ∼1 1 / 2 .
III.C.b. Vibrations. We calculated vibrational frequencies of the Zn[(MeO) 2 PS 2 ] 2 monomer at the HF/LAV3P*** level, leading to the phosphorus-sulfur stretch modes in Figures 5  and 6 for PS anti and PS sym , respectively (see also Table 6 ). 
a Units in kcal/mol. Experimental studies of DTP systems generally lead to a strong IR transition at about 650 cm -1 and a weaker transition at about 540 cm -1 . Based on the PdS and P-S paradigm, these have been often assigned 10 as PdS and P-S, respectively. We find modes in good agreement with experiment, but the highfrequency mode is antisymmetric stretch (PS anti , not PdS), while the lower mode is symmetric stretch (PS sym , not P-S). Others 25, 30 have assumed antisymmetric and symmetric stretch modes.
For Zn(DTP) 2 our calculations show that the two PS anti modes are coupled via the zinc to form modes at 699 and 683 cm -1 . This corresponds to an average ν PS-anti ) 691 cm -1 with a splitting of 16, which compares well with experiment 10 [average of 647 cm -1 with a splitting of 15 (for R ) Et)]. This interpretation of Zn-induced splitting contrasts with the previous interpretation which assumed the splittings to arise from different conformational isomers. 10 Similarly the two PS sym modes are calculated (QC) at an average ν PS-sym ) 527 cm -1 with a splitting of 23, which compares well with the experimental average of 533 cm -1 with a splitting of 14 (R ) Et).
The theoretical values (for R ) Me) compared to experiment (for R ) Et) are 7% high for PS anti and 1% low for PS sym , but the Zn splittings are essentially the same (see Table 6 ).
For Zn[(MeO) 2 PS 2 ] 2 the intensity ratio I(PS anti )/I(PS sym ) is predicted to be 17. Experiment also finds PS anti to be stronger than PS sym . In one experiment 25 the PS anti absorption is described as considerably more intense than the PS sym absorption, while in another 10e the ratio is shown to be 3 to 1.
III.C.c. MSX FF.
We developed the MSX FF to describe the Zn[(MeO) 2 PS 2 ] 2 monomer. The FF is the same as in Tables  3 and 4 for [(MeO) 2 PS 2 ] -except for additional terms to describe interactions between zinc and sulfur atoms, as discussed in section II. The MSX FF describes the zinc-sulfur interactions using the off-diagonal nonbonded Morse potential (9), with net charges of Q Zn ) +2.0 and Q DTP ) -1. The FF parameters were adjusted to reproduce the ab initio bond length [estimated to be 2.392A(MP2/MSV****) ) 2.463(HF/LAV3P***) -0.071; see section III.D.b], the snap bond energy (143.8 kcal/ mol per bond), and the ab initio vibrational frequencies (scaled as in Table 6 ). The MSX FF describes well the ab initio structure of the monomer (see Table 5 ) and the scaled QC vibrations (see Table 7 ): ν PS-anti ) 647 cm -1 (647 from QC) and ν PS-sym ) 553 cm -1 (533 from QC).
We used the MSX FF to predict vibrational frequencies of diisobutyl (primary alkyl), diisopropyl (secondary alkyl), and diphenyl (aryl) Zn(DTP) 2 monomers. The results (Table 7) are in good agreement with experiment. (For R ) iPr the MSX results are high by 11 cm -1 for PS anti and by 6 cm -1 for PS sym . For R ) iBu the MSX results are low by 3 cm -1 for PS anti and by 5 cm -1 for PS sym .)
One goal of these studies is to obtain diagnostics for determining the changes in the Zn-DTP components when on real surfaces in real engines. Thus we are interested in modes that change significantly as the environment is changed (i.e. surface effects). It is of interest here that the weaker PS sym mode changes by +41 cm -1 as iPr is replaced by phenyl, whereas the PS anti mode changes by only -4 cm -1 . 11, 25, 26 that in solution ZnDTPs exist as a chelated monomeric species in equilibrium with a dimeric form possessing a bridged structure. Indeed recent evidence indicates the presence of trimers, tetramers, and larger species. 31 There have not been previous characterizations of ZnDTP monomers and dimers either in the gas phase or in solution. Table 9 ). Assuming first that all four DTP ligands have the tt conformation, we carried out ab initio calculations (HF/LAV3P***) with the following results.
(i) Since each Zn will have rough tetrahedral coordination of the four sulfurs, the most symmetric structure would have the bridging SPS and Zn in the plane and the terminal SPS groups perpendicular to this plane. This leads to D 2h symmetry.
(ii) The D 2h structure can be relaxed by allowing each PSP group to twist about its 2-fold axis. This removes the planes of symmetry, reducing the symmetry to D 2 . We find that the energy drops by 23.84 kcal/mol. The driving force for this distortion is the SPS angle of the bridging DTP, which drops from 124°in D 2h to 117°in D 2 (the chelating DTP has 109°a nd isolated DTP -has 119°).
(iii) Relaxing all symmetry requirements, we find that the structure with D 2 symmetry adjusts to C 2 symmetry and is stabilized by 3.6 kcal/mol. The origin of this D 2 to C 2 distortion is reduction of steric interactions between each bridging DTP and the chelating DTPs.
As the symmetry restrictions are relaxed in i, ii, and iii, the Zn‚‚‚Zn distance decreases from 5.04 to 4.71 Å, indicating the ability of the dimer to adopt a more compact structure. We then considered allowing the conformation of the bridging DTPs to change.
(iv) Allowing the two bridging DTPs to adopt the g + g + conformation retains the C 2 symmetry of the tt case in iii, but g + g + leads to an energy 3.4 kcal/mol lower than for tt. This is because of further reduced steric interactions. In addition, the Zn‚‚‚Zn distance decreases by 0.14-4.57 Å.
(v) Allowing the two bridging DTPs to adopt the tg + conformation leads to a structure with C 2 symmetry that is 6.2 kcal/mol lower in energy than for tt. This is the lowest energy a Unscaled. b Antisymmetric combination of two symmetric stretch modes of the Zn-S bonds. c Symmetric combination of two symmetric stretch modes of the Zn-S bonds. 27 c HF/LAV3P***. d The MSX FF was adjusted to reproduce the Zn-S bond distance expected from the best calculation [estimated to be 2.392A(MP2MSV****) ) 2.463(HF/LAV3P***) -0.071; see section III.D.d] rather than that of the HF/LAV3P*** level used for QC. structure calculated for the dimer. The preference for bridging tg + ligands arises from the decreased steric effects in the dimer. Compared with structures having tt or g + g + bridging DTPs, this structure bends along the C 2 symmetry axis. This results in a decreased Zn‚‚‚Zn distance to 4.26 Å.
The solid-state structure of Zn 2 {[iPrO] 2 PS 2 } 4 has the same C 2 conformation as our lowest energy structure. Comparisons between the structures from QC calculations on the dimer and crystal X-ray experiments are made in Table 10 . Although there are obvious problems with the crystal structure (probably due to disorder of the alkyl groups) since some distances are quite unreasonable (e.g. one CC bond is 1.0 Å and a CO bond is 1.2 Å), it does agree with the theory for the O, P, and S regions, as indicated in Table 10 .
The lowest energy structure of the dimer Zn 2 [(MeO) 2 PS 2 ] 4 from HF/LAV3P*** calculations is shown in Figure 7 . Two of the four DTP groups have the tt conformation and function as intrachelating groups bound wholly to a single metal atom. The other two have the tg + conformation and function as bridging groups linking the two Zn(DTP) units together to form the dimer. The present ab initio calculations show that all phosphorus-sulfur bonds in the dimer are essentially equiValent. Thus the terminal DTPs have an average PS chel ) 2.023 Å (with a splitting of 0.004 Å due to steric effects), while the bridging DTPs have PS brid ) 2.021 Å (the splitting of 0.012 Å also due to steric effects). Thus the phosphorus-sulfur bond (average bond length of 2.022 Å) has character between that of single and double bonds. This agrees reasonably well with experiment, which has an average PS chel ) 1.97 Å with a splitting of 0.018 Å and an average PS brid ) 1.965 with a splitting of 0.017 Å.
A bigger discrepancy with experiment occurs for the ZnS distances. The calculations lead to ZnS chel ) 2.490 Å (splitting of 0.027 Å) and ZnS brid ) 2.447 Å (splitting of 0.003 Å). In contrast experiment leads to ZnS chel ) 2.380 Å (splitting of 0.058 Å) and ZnS brid ) 2.304 Å (splitting of 0.004 Å). The discrepancy of 0.110 Å for ZnS chel and 0.143 Å for ZnS brid is unusually large and will be addressed by additional calculations in section III.D.b below. We conclude that for ZnS chel about 0.087 Å of the discrepancy is due to the level of the theory, leaving 0.023 Å that we attribute to packing effects (in the crystal).
The results from the MSX and UFF are also listed in Table  10 . Those from the MSX are in good agreement with the QC results. In the MSX FF, we again used the formal charges of Q Zn ) +2.0 and Q DTP ) -1. The FF is the same as that for the Zn(DTP) 2 monomer except for the nonbonded S-S interaction parameters (eq 11), which were adjusted to reproduce the Zn‚‚‚Zn distance from the ab initio structure of the Zn 2 (DTP) 4 dimer.
III.D.b. Comparison to Zn(F 2 PS
2 ) 2 . As discussed above, the calculated ZnS bond lengths for the dimer deviate substantially from the crystal structure, with values 0.11 Å too long for ZnS chel and 0.145 Å too long for ZnS brid . This is an unexpectedly large discrepancy, and we carried out the following calculations on the model compound Zn(F 2 PS 2 ) 2 to determine the origin. The results are summarized in Table 11 and Figure 8 . We started with HF/LAV3P***, which led to ZnS chel ) 2.490 Å for Zn 2 (DTP) 4 and ZnS chel ) 2.481 Å for Zn(F 2 PS 2 ) 2 , indicating that the model is suitable.
(i) To evaluate the effect of the effective core potential (ECP), we carried out all-electron calculations (HF/MSV***). We found a 0.022 Å decrease in the Zn-S bond length.
(ii) To evaluate the effect of f polarization functions on the zinc atom, we carried out all-electron calculations (HF/ MSV****). We found a 0.001 Å decrease in the Zn-S bond length.
(iii) To evaluate the effect of electron correlation, we carried out Moller-Plesset theory (MP2/LAV3P***) calculations. This leads to a 0.048 Å decrease in the Zn-S bond length.
We also examined two other approaches to electron correlation. Generalized valence bond (GVB) theory (GVB/LAV3P***) leads to an increase of 0.016 Å. Such an increase is expected since only the Zn-S bond pairs are correlated, while MP2 is a more complete calculation. Density function theory (BLYP/ MSV***) leads to a 0.025 Å decrease in the Zn-S bond length. We consider MP2 as more reliable.
Combining these various calculations we estimate that MP2/ MSV**** would lead to a decrease of ZnS distances by 0.022 + 0.001 + 0.048 ) 0.071 Å from the result for HF/LAV3P***. This leaves a discrepancy of 0.04 Å with experiment, which is still unexpectedly large.
As a second test, we carried out calculations on ZnCl 2 , for which accurate gas phase experimental data 33 are available. We used a much larger basis set (including a triple-contraction) and a more complete ECP (including only the 1s, 2s, and 2p core orbitals in the ECP) but not 3s and 3p. This is denoted as DOLG***. The results in Table 12 show that MP2/DOLG*** leads to a Zn-Cl bond distance 0.016 Å larger than experiment, which is an acceptable agreement with experiment.
Using the results from ZnCl 2 , we estimate that the exact result for Zn(F 2 PS 2 ) is ZnS chel ) 2.481 -0.071 -0.016 ) 2.394 Å. This suggests that the exact answer for gas phase Zn 2 (DTP) 4 is ZnS ) 2.490 -0.087 ) 2.403 Å. This is 0.023 Å larger than experiment, which we believe is attributable to packing effects in the crystal. Because of the strong ionic character in the Zn-S bond, polarization effects due to the dielectric medium of the crystal might also affect the length.
The experimental ZnS distances fall in the ranges of (i) 2.302-2.409 Å with an average of 2.342 Å for {Zn-[(iPrO) 2 (Table 13 ). There are four PS anti modes, two associated with the tt chelating DTPs and two from tg + bridging DTPs. As expected, the vibrational frequencies of the tt chelating DTPs of the dimer are similar to those of the tt DTPs of the monomer. Similar results are obtained for the symmetric stretch modes.
III.D.d. Energetics.
The equilibrium concentration of monomer and dimer is dependent upon the nature of the alkyl group R on the DTP ligand, the nature of the solvent, and the ZnDTP conformation. 11, 25, 26 From HF/LAV3P*** we calculated ∆E ) -5.6 kcal/mol for (that is, the dimer is more stable). The MSX FF leads to ∆E ) -5.6 kcal/mol, in excellent agreement. Using the calculated vibrational frequencies, we calculated the energies, enthalpy, and free energies of the dimerization process (12) as a function of temperature (Table 14) . These results predict ∆G 300K ) +9.3 kcal/mol for R ) Me and ∆G 300K ) -3.0 kcal/mol for R ) iPr (both gas phase). The experimental value for R ) iPr is ∆G 300K ) -0.6 kcal/mol (in CH 2 Cl 2 solution), in reasonable agreement with theory. The difference between calculated and experimental results may be due to solvation effects.
IV. Summary
Structures, vibrations, and energetics of zinc dithiophosphates (ZnDTPs) have been studied by ab initio QC methods. Our results show that two phosphorus-sulfur bonds of the dithiophosphate for both ZnDTP monomers and dimers are equiValent and have characteristics between that of single and double bonds. The ab initio geometries agree well in the O, P, and S regions with those for the crystal structure of Zn 2 {[iPrO] 2 PS 2 } 4 .
Our results further show that the strong IR transition mode at about 650 cm -1 is the antisymmetric stretch of the phosphorus-sulfur bonds (not PdS), while the weaker transition mode at about 540 cm -1 is the symmetric stretch (not P-S). The 
